The polarization of 129 Xe gas by spin exchange with optically pumped Rb vapor is investigated in high magnetic field. Operation in a high field provides added spectral dispersion via Zeeman shifts of the electronic transitions. This simplifies the physics of the pumping process in such a way as to make it more amenable to treatment with simple rate theory. A relationship between the steady state 129 Xe polarization and the applied laser power is derived which agrees with experimental results. This theory serves as a guide to the manufacture of very high polarizations of 129 Xe gas.
I. INTRODUCTION
Optical pumping has been researched extensively in the past few decades following the pioneering work of Kastler in the 1950's. 1 Recently there has been an increased amount of study involving the indirect pumping of nuclear spins via spin exchange with optically polarized valence electrons of another atom. 2 The magnetic resonance signal for nuclei polarized in this fashion is greatly enhanced in comparison to that achieved with the typically small Boltzmann equilibrium polarization. In all of the research efforts to date however, the optical pumping phenomena has not been thoroughly examined in multi-tesla magnetic fields. In this paper we describe optical pumping of 129 Xe via spin exchange at fields up to 7.04 T. By polarizing at high fields we show that 129 Xe nuclear spin polarization can be more efficiently produced in comparison to lower fields. This is largely due to elimination of photon depolarization mechanisms and better suppression of wall relaxation. Furthermore, the kinetics of the polarization exchange are simpler to model theoretically in the high field case. The advantage of using Zeeman shifts to resolve the optical transitions involved in the optical pumping process is also demonstrated.
Previous treatments of the optical orientation of alkali atoms have typically been cast in terms of time dependent perturbation theory. 3 In the following we provide an equivalent alternate description for optical pumping in high field using the formalism of spin lattice relaxation. This approach is useful in that it naturally leads to equations for the spin exchange polarization of 129 Xe that parallel those used commonly to describe the well known nuclear Overhauser effect. 4 In this manner we obtain expressions that relate the 129 Xe polarization to the available incident laser power. Nuclear magnetic resonance ͑NMR͒ spectroscopists interested in chemical applications 2 of spin polarized 129 Xe will find this more familiar theoretical framework useful in their design of experiments utilizing this potentially powerful source of high spin polarization. These results are tested experimentally and discussed in terms so that one can objectively judge the efficiency of an optical pumping apparatus for generating high polarizations of 129 Xe.
II. THEORY
Placement of Rb into a high magnetic field uncouples its nuclear spin angular momentum I from J, the resultant of coupling the electron orbital angular momentum L, and the electron spin angular momentum S, as JϭLϩS. The transition to these states at higher magnetic fields from the usual ͉F,m F ͘ levels in low field is shown in Fig. 1 for 85 Rb ͑Iϭ5/ 2͒. If the magnetic field is high enough, the 85 Rb electronic energy levels are best described as product states, ͉m J ,m I ͘, neglected. 5 This is also the case for the lower natural abundance isotope, 87 Rb, even though there is a slightly larger hyperfine coupling to its Iϭ3/2 nuclear spin. 6 Since electronic transitions conserve m I , the optical pumping dynamics with 85 Rb can be considered separately for each manifold of four such states having the same m I . As long as the nuclear hyperfine coupling is negligible compared to the bandwidth of the applied laser light, a simplified energy level diagram using the field split Russell-Saunders atomic terms alone suffices for our purposes. In what follows we consider optical pumping between the levels described by these magnetic field split Russell-Saunders atomic terms as shown in Fig. 2 .
For Rb, the ground and first excited state atomic terms are 2 S 1/2 and 2 P 1/2 corresponding to ͓Kr͔ 5s 1 and ͓Kr͔ 5p 2/3 while that for a photon is scaled by 1/3. This unequal weighting of the total emission rate shown in Fig. 2 comes directly from the angular momentum selection rules for the ͉P,ϩ͘→͉S,Ϯ͘ transitions. The spins deposited in ͉S,Ϫ͘ are recycled by the laser to ͉P,ϩ͘ while population builds up in ͉S,ϩ͘, thus producing a net orientation of the Rb electron magnetic moment in the ground state. One should be clear that the optical transition does not in itself effect a flip of the Rb electron spin. In the ground S state the electron spin m S is quantized in the frame defined by the applied field, i.e., m S is a good quantum number. However, in the excited P state the large spin orbit coupling mixes the m S ϭϮ1/2 states. Transitions to this state then make it possible for the system to decay back to the ͉S,ϩ͘ state even though a magnetic dipole transition operator is not directly involved.
If it were not for the ground state electron spin lattice relaxation, all of the population would eventually end up in ͉S,ϩ͘. Therefore, in order to produce a high Rb electron spin polarization, the buildup of polarization via optical pumping must be fast compared to the leakage due to spin lattice relaxation. As the following treatment will make clear, obtaining high 129 Xe spin polarization requires production of a high Rb electron spin polarization. Thus a natural starting point is the dynamics of the optical polarization of the Rb.
A. Optical polarization of Rb in the presence of 129

Xe
In a sample containing only Rb atoms and a spinless buffer gas, the electron spin lattice relaxation rate can be quite long, and is principally due to fluctuating fields caused by Rb-Rb collisions or by collisions with the cell walls or the buffer gas. The rates for flipping the Rb electron spin down or up that result from these fluctuations will be denoted W Rb ↓ and W Rb ↑, respectively. The Rb electron spin lattice relaxation time constant, T 1 Rb , is related to these rates in the usual fashion, 
͑2͒
In describing the dynamics of the optical orientation of the Rb in the presence of 129 Xe, it is useful to define net transition probabilities for flipping the Rb electron spin which take into account the cross relaxation term. As stated earlier, the cross relaxation is mediated by the hyperfine interaction of the Rb electron ͑S͒ with a 
͑3͒
The three level system shown in Fig. 2 provides a convenient framework for modeling the optical polarization of the Rb. In a typical experimental setup, where the light is of just one polarization, the effect of the pumping light over most of the sample cell is to introduce a laser intensity dependent rate process with rate R that connects the pair of states in the optical transition. This simplification makes it possible to describe the pumping dynamics with a set of coupled differential equations for the level populations using rate theory. Our goal is to calculate the polarization of the Rb electron, P Rb , which is defined here as the total number of spins per unit volume down, N Rb Ϫ ϭN S Ϫ , minus the total number of spins per unit volume up, N Rb ϩ ϭN S ϩ ϩN P ϩ , divided by the total Rb number density, N Rb . Notice that the contribution of the level ͉P,Ϫ͘ has been ignored as there are no significant relaxation pathways connecting it to any of the other energy levels. Photons of other polarizations will connect ͉P,Ϫ͘ to the rest of the system. Including these effects at this point would just confuse the basic physics, and we will return to these complications later. Using these definitions, the appropriate rate equations in this case are
As written, these equations implicitly involve the polarization of the 129 Xe spin states through the cross relaxation terms included in R Rb ↑ and R Rb ↓. In principal then, a complete solution of Eqs. ͑4͒ would also include consideration of another set of coupled equations involving the 129 Xe spin level populations. However, if we are only interested in the steady state value of P Rb , the steady state values for N Xe Ϫ or N Xe ϩ can be used. With this approximation the steady state value of P Rb can be shown to be given by
where
and all level populations are understood to be those found under steady state conditions. It is useful to examine P Rb in various limits in order to gain some physical insight into the dynamics of optical pumping. In the most commonly encountered experimental situation, the fastest rate process will be spontaneous emission from the upper electronic state. Taking A as essentially infinite in this case, the polarization can be written as
.
͑7͒
This result also directly follows from Eqs. ͑4͒ if the rate term AN p ϩ is replaced by RN s Ϫ in each instance. When a spinless buffer gas is considered, R Rb ↓ and R Rb ↑ reduce to W Rb ↓ and W Rb ↑. Equation ͑7͒ can then be written in terms of the Boltzmann Rb polarization, P Rb 0 , T 1 Rb , and the pump rate R. P Rb in this limit is
Rb
͑8͒
This equation illustrates the expected result; in the absence of irradiation ͑R→0͒, P Rb ϭP Rb 0 , and in the limit of very efficient pumping ͑R→ϱ͒, P Rb →Ϫ1. It also points out the fundamental requirement on the intensity of the pumping light; it must produce a pump rate R that can dominate the Rb ground state electron depolarization rate, 1/T 1 Rb , if one is to achieve a significant polarization.
B. Spin exchange between
129
Xe and optically pumped Rb
The spin exchange polarization of 129 Xe by optically pumped Rb can also be understood in a straightforward fashion using simple rate theory. 8 In a high magnetic field the 129 Xe relaxation is well described by a standard two level system where the two spin states are connected by two unequal spin flip rates, R Xe ↓ and R Xe ↑. These rates have contributions from high field spin lattice relaxation in the absence of the Rb, W Xe ↓, and W Xe ↑, in addition to the spin exchange relaxation with the Rb electron. As discussed earlier, the spin exchange is governed by a Hamiltonian of the form AϭI-S. 7 Only the flip-flop terms, I ϩ S Ϫ ϩI Ϫ S ϩ , can effect a mutual population change between the spin states of the Rb electron and the 129 Xe nuclei. Therefore, the net rate at which the 129 Xe͉ϩ͘ state spin flips to the ͉Ϫ͘ state depends on the number density of the Rb electron in the ͉Ϫ͘ state. In other words, the net up and down transition rates for the 129 Xe will be proportional to the number density of the Rb electron in a given spin orientation in direct analogy to Eq.
͑3͒.
However, upon closer consideration Eq. ͑3͒ can be shown to be incomplete. At thermal equilibrium the populations of both the Rb electron and the 129 Xe spins must approach Boltzmann in the absence of optical pumping. This requires the cross relaxation rates to be slightly different. Taking this additional complication into account we write 
͑9͒
In Eqs. ͑9͒ the small difference in the two cross-relaxation rates as required by detailed balance have been included by differentiating them as ͗v↓͘ and ͗v↑͘. The direction of the arrow signifies whether the Rb electron transition is in either the upward or downward direction.
As shown in the previous section, the laser pump rate R only needs to beat the Rb electron relaxation to produce a significant electron polarization, and therefore a significant 129 Xe polarization. In most instances then the spontaneous emission rate A will be much greater than R. In this limit we can restrict our treatment to the S state populations for the Rb. Thus, the two equations in this effective ground state model for the Rb and 129 Xe spin populations that need be considered are 
We also define a factor f and the spin exchange time T 1 se in terms of the cross relaxation rates as follows:
͑12͒
With these definitions and using ␣ϭN Xe /N Rb , Eqs. ͑10͒ can be recast as
The ratio of the up and down spin exchange cross sections must be the Boltzmann factor for the mutual spin-flip tran- The terms with f in Eqs. ͑13͒ are small, as f is only on the order of 10
Ϫ3
, and they can usually be dropped. Their main purpose is to ensure that the proper Boltzmann equilibrium polarizations are achieved in the absence of any optical pumping.
Adding Ṗ Rb to ␣ Ṗ Xe in Eqs. ͑13͒ provides an equation independent of f , which when evaluated at steady state relates the steady state polarization of the Rb to that of the 129 Xe,
͑15͒
This is to be compared to the expression arrived at earlier when the buffer gas was considered spinless ͓Eq. ͑8͔͒. To obtain an expression for the Rb polarization in terms of sample composition, relaxation times, and laser intensity alone, it is convenient to simplify the terms involving f . These terms which are quadratic in the polarizations also arise in cross relaxation problems at low temperature. 9 We will make use of the fact that the Boltzmann polarizations in our case are for high temperatures and therefore are quite small. As such we will set the term f ͑1ϪP Rb P Xe ͒ ϭ͑P Rb 0 ϪP Xe 0 ͒͑1ϪP Rb P Xe ͒/͑1ϪP Rb 0 P Xe 0 ͒ to ͑P Rb 0 ϪP Xe 0 ͒. This still produces the proper limits in the absence of optical pumping, and avoids unphysical results that would occur if the term was simply dropped altogether. The error produced is the order of P Rb 0 . Within this approximation, the second of Eqs. ͑13͒ then provides the following simple result at steady state,
where ␥ϭ
This equation states that the departure of the 129 Xe polarization from Boltzmann is the same as that for the Rb polarization due to the optical pumping within a multiplicative factor ␥. The ␥ factor is a measure of how efficiently the 129 Xe nuclei are relaxed by the Rb as opposed to the wall relaxation, and ␥ is often close to 1. Since the 129 Xe and Rb polarizations are related by a constant factor, calculation of either one over the sample volume can be used to compare with experiment. We can now use this equation to substitute for ͑P Xe ϪP Xe 0 ͒ in Eq. ͑15͒. This gives an expression for the Rb polarization in terms of the sample composition, pump rate, and inherent relaxation rates,
states that the pump rate, R, needs to overcome a Rb relaxation rate, 3⑀, which is a sum of the normal spin lattice relaxation of the Rb and leakage through the 129 Xe. Since ␣ may easily be as large as 10 6 , these two terms can in practice be quite comparable.
C. Finite thickness sample
In the thin sample limit where all of the photons are ϩ polarized, the previous equation is all that is required to calculate P Xe or P Rb given the relaxation times and other experimental parameters. However, in most cases the sample to be polarized will not be optically thin and we must consider that the pump rate R, which depends upon the light intensity, will also depend upon the degree of spin polarization 10 and the location within the sample.
To proceed further we must adopt a model for the sample geometry and the pumping light. In the cases of interest to us, the sample will be cylindrical, with length l and radius r. The laser light beam will have a Gaussian profile in its frequency distribution and in its spatial profile. The intensity of the laser light then is given by a distribution function (,r,z) which when integrated over frequency and the beam cross section gives the power P 0 (z) as a function of distance into the sample,
P 0 (0)ϭP 0 will be taken as the power incident upon the plane at the beginning of the sample. The absorption of the light as the beam propagates through the sample is a first order process as a function of displacement in the sample. Power is removed from the beam in direct proportion to the number of absorbers, the rate at which they spontaneously emit and the energy of the photon involved,
In this equation N A (z) represents the number of absorbers at a position z. The function g͑͒ is the atomic absorption line shape which gives the proportion of absorbers that are within d of the laser at the frequency , and B 12 is the usual stimulated absorption coefficient. Again, the factor of 2/3 comes from the angular momentum selection rules for ϩ light connecting ͉S,Ϫ͘→͉P,ϩ͘. Notice that if light were used different states, ͉S,Ϫ͘→͉P,Ϫ͘, would be connected in the Rb D 1 line and only a factor of 1/3 would be present in Eq. ͑19͒. In most experimental situations the laser intensity will be significantly greater than the fluorescence intensity, especially once the sample is significantly polarized. As such we are justified in neglecting any additional complications that might arise due to reabsorption of this small number of photons at other polarizations. This radiation trapping 12 only provides an additional relaxation mechanism for the ground state Rb polarization and can be adequately compensated for in the value of T 1 Rb as mentioned below. In most instances the Rb atomic absorption line shape will be dominated by pressure broadening from collisions with the Xe buffer gas. In cells approaching 1 atm in pressure, this broadening will be the order of 80 GHz. Typical Ti:sapphire lasers, which are convenient light sources, have significantly narrower spectral profiles than this ͑2 GHz typical͒. Therefore, as far as the light profile is concerned, the atomic absorption is essentially a constant across the laser profile. In this case we can integrate out the frequency dependence and write for ϩ light that
The term ⍀ is the integral of the laser profile over the atomic line shape,
In order to separate out the frequency and spatial variation of the laser light we have used the fact that the atomic line shape is homogeneously broadened and much wider than the laser profile, both very good assumptions in the case under consideration. In this case, the frequency dependence of ⍀ gives the spectrum of the Rb D 1 line. Taking the line shape as a pressure broadened Lorentzian and assuming that the laser is on resonance, ⍀ϭ2/͑⌬ 1/2 ͒, where ⌬ 1/2 is the fullwidth at half-height of the atomic absorption in angular frequency units ͑rad/s͒. For convenience we define ϭ2B 12 ⍀/3c. The frequency averaged pump rate R is then given by I(r,z).
Since the pump rate R depends upon I(r,z), the polarization will also vary across the sample. To account for this variation we need only substitute for the number of absorbers N A (z) in terms of the polarization which in turn depends upon R. N A (z) is just the number of Rb atoms in the ͉S,Ϫ͘ state, N S Ϫ , and this can be related to the polarization P Rb as N S Ϫ ϭN Rb ͑1ϩP Rb ͒/2. Substituting this into Eq. ͑20͒ and rearranging to solve for dz we arrive at dzϭ ϪdI͑r,z͒
I͑r,z͒
Now consider the average polarization that will be measured in an experiment over a macroscopic sample. We define this as P Rb which is given by
Neglecting P Rb 0 the integration of P Rb (z,r) over the length of the sample can be greatly simplified by changing the variables in Eq. ͑23͒ to an integration over the laser intensity using Eq. ͑22͒,
demonstrates that the average steady state Rb polarization depends primarily upon the amount of laser intensity absorbed over the length of the sample. Essentially this is a power balance. Once polarized, the sample dissipates a certain amount of energy per unit time via spin lattice relaxation. To maintain this polarization this power must be provided by the laser beam thereby reducing its net intensity.
The remaining radial integral shown in Eq. ͑24͒ can be solved analytically if a functional form for the loss in laser intensity across the sample can be obtained from Eq. ͑22͒. Unfortunately, the general solution to Eq. ͑22͒ gives a transcendental form that cannot be inverted to simply give I(l,r). If the sample is not being pumped efficiently, Eq. ͑22͒ reduces to Beer's law as expected. However, when pumping occurs, the light intensity decays linearly with distance into the sample,
This equation can be recast directly in terms of r, by defining the incident laser intensity as a normalized Gaussian with a half-width designated by d,
Inserting this definition into Eq. ͑25͒ produces
The dimensionless variable ⌬ has special significance. It is essentially the ratio of the rate per unit volume at which the sample can dissipate energy, 3⑀, to the rate at which it is being absorbed, P 0 ln͑2͒/d 2 . The linear expression is valid only for values of r and l where the laser intensity remains greater than zero. The positions in the sample where this expression gives I(l,r)ϭ0 can be described as a critical boundary. Calculation of the critical boundary from Eq. ͑27͒ using typical experimental parameters indicates it typically lies outside the actual sample dimensions. This means that the approximation used to derive Eq. ͑27͒ is a good one for describing the experimental situation encountered in the laboratory. Since this is the case, the radial integral in Eq. ͑24͒ can be rewritten using Eq. ͑27͒ as
ͬ.
͑28͒
The expression for P Rb above can be recast in a more useful form by approximating ln(x) as 2(xϪ1)/(xϩ1) since the argument inside the natural log function is never larger than 1. Applying this approximation to Eq. ͑28͒ gives
Taking the inverse of both sides of this equation we arrive at a linear relationship between the inverse polarization and the inverse laser power,
where mϭ
ͬ .
͑30͒
When the laser beam width is larger than the sample diameter, dӷr, Eq. ͑30͒ reduces to 1/͉P Rb ͉ϭ⌬ϩ1. In this instance as the applied laser power P 0 →ϱ, ⌬→0, and the absolute value of the Rb polarization goes to 1 as expected. For very small beam diameters, rӷd, the intercept b becomes r 2 ln͑2͒/2d 2 . In this case, the ultimate polarization that can be achieved is limited by the overlap of the laser beam and the sample cross sectional areas.
For comparison with experiment it is actually more useful to consider the signal or magnetization M Xe , and its dependence upon P 0 . This signal will be directly proportional to the polarization shown in Eq. ͑30͒. Taking this proportionality to be M Xe ϭaP Rb ͑␥Ϸ1͒, the following volume averaged 129 Xe signal can be obtained:
This result provides for a very useful approach to measuring the polarization efficiency of an experimental setup from the laser power dependence of the 
͑32͒
When rӷd, the m/b ratio becomes m/bϭ6⑀d 2 / ln͑2͒. This ratio in the small sample diameter limit, rӶd, reduces to half this value, i.e., m/bϭ3⑀d 2 
Xe , and T 1 Rb , measurement of the pertinent relaxation times provides an internal consistency check. Alternatively, the determination of m may be used to measure ⑀ and thus provide a means of estimating one of the relaxation parameters.
D. Effect of different photon polarizations
The above treatment is appropriate in the limit that there are no photons of other polarizations or wavelengths capable of pumping the other three transitions in the Rb D 1 line. Recall that the D 1 line consists of four transitions in high magnetic field as shown in Fig. 2 . The two transitions occur in energy between the ϩ and Ϫ lines. The highest energy transition is produced by the absorption of ϩ light, while the lowest energy transition occurs with Ϫ light. When the optical resonances are narrow and the magnetic field is high, depolarization of the pumping beam translates into a decrease in useful applied laser power. In this case photons of only one polarization may be absorbed for any one optical resonance condition. Therefore, low pressure cells may be pumped with randomly polarized light in a high enough magnetic field, albeit at 1/4 the power efficiency possible with a single light polarization. In this limit, the other photon polarizations are seen as being significantly off resonance of the other transitions.
In experiments where high pressures of 129 Xe buffer gas are employed the situation is somewhat different. In this case the buffer gas broadens the optical lines ͑typically ⌬ 1/2 /2ϳ80 GHz at Pϳ1 atm͒. Consequently, all photon polarizations are somewhat capable of pumping the D 1 line since the spectral dispersion afforded by the high magnetic field has been washed out. The efficacy of pumping by the different types of photons present will depend upon the intensity of each pressure broadened transition's line shape at the applied laser frequency.
To realistically model spin exchange pumping in the laboratory it is necessary to include the effects of the photons at the unwanted polarizations. The way this is accomplished is by first realizing that the total number of photons impinging on the sample is an experimentally set constant, which gives rise to a total pumping rate, r T . In the previous section, all of the photons were treated as being ''useful,'' i.e., we considered them as essentially being dumped into only the transition that is selected by both laser wavelength and polarization giving r T ϭR. In the case now considered, all of the photons are not just connecting one transition. They are instead spread out unevenly among the four D 1 absorptions. This gives rise to four different pumping rates, r nm , designated by the magnetic sublevels connected by the laser in the ground, n, and excited, m, states. The pumping rate for a given transition, r nm , is the product of the overlap between the laser line and that particular pressure broadened atomic absorption, nm , and the intensity of the light capable of driving the transition, I nm , i.e., r nm ϭ nm I nm . 
͑33͒
The nm factors differ in size by the overlap between the laser line and the n→m optical absorption and the angular momentum selection rule for that particular transition, i.e., nm ϭ(͉nϪm͉ϩ1)B 12 ⍀ nm /3c. An analytical form for the four ⍀ nm 's can be obtained by taking the atomic frequency response as a pressure broadened Lorentzian line shape centered at nm and the laser line as a delta function centered at the applied laser frequency, L ,
It is clear from Eq. ͑34͒ that ⍀ nm has inverse angular frequency units. As mentioned above the total laser intensity impinging on the sample can be separated into four components, I nm , on the basis of optical polarization. Since the total laser intensity is constant the I nm 's are linearly related to the total intensity by four factors, a nm , whose sum is normalized to 1, I nm ϭa nm I. Before calculating the effects of random photon polarizations on P Rb using rate theory, it is useful to group the ⍀ nm a nm products into four new factors that are useful for comparison to experiment. The maximum polarization, P Rb max , and the total pumping rate, r T , are just straight sums and differences of the ⍀ nm a nm 's, It is important to notice that if Lϭ0 in the doublet excited state instead of Lϭ1, then P Rb max ϭQ and pϭq as the angular momentum selection rules for all of the transitions would be identical and equal to 1/2. When spectral dispersion is maintained, be it by low buffer gas pressure or high magnetic field and only ϩ photons are present, tuning the laser to the ϩ transition gives P Rb max ϭϪ1 and r T ϭR. However, in the usual case where pressure broadening is significant, the rates connecting each of the four D 1 transitions must be considered. In this situation, the ͉S,Ϫ͘→͉P,ϩ͘ transition rate decreases from RϭI to r Ϫϩ ϭ Ϫϩ I Ϫϩ due to the other photon polarizations in the sample. The effect of these three additional rates on the optical pumping cycle in Rb can be obtained by writing down the rate equations appropriate for the four level system shown in Fig. 2 . The major difference thus far between the treatment in this section and the earlier one is the inclusion of the additional rates connecting the previously neglected excited state magnetic sublevel, ͉P,Ϫ͘, to the other three states. The Rb polarization, P Rb , is found in the same way as above using exactly the same definitions for R Rb ↓ and R Rb ↑. In the usual limit that A is considered as infinite P Rb is
P
P Rb ϭ R Rb ↓ϪR Rb ↑ϩ 1 3 P Rb max r T R Rb ↓ϩR Rb ↑ϩ 1 3 r T .
͑37͒
This equation can also be obtained from Eq. ͑4͒ by replacing AN P ϩ with RN S Ϫ , R Rb ↑ with R Rb ↑ϩ(2r ϪϪ ϩr Ϫϩ ϪR)/3 and R Rb ↓ with R Rb ↓ϩ(2r ϩϩ ϩr ϩϪ )/3. Paralleling the previous section throughout the remainder of the calculation, we first determine P Rb in the presence of a spinless buffer gas where the same definitions for P Rb 0 and T 1 Rb shown in Eq. ͑11͒ have been used,
Comparison to Eq. ͑8͒ reveals that a mixture of photons with differing polarization simply results in a smaller ultimate achievable Xe polarization P Rb max . The effect of photons having different polarizations on the pumping of the Xe gas due to spin exchange with polarized Rb can likewise be derived. In most instances the spontaneous emission rate, A, can be considered as being infinite in comparison to the other rates during the optical pumping cycle. All that must be considered then are the S state spin populations for Rb and the two populations of the Xe and optical pumping in the thin sample limit,
͑39͒
When the available photons are purely ϩ polarized, P Rb max →Ϫ1, r T →R, and Eq. ͑17͒ is obtained. In the usual case though some depolarization is present giving ͉P Rb max ͉Ͻ1, and Eq. ͑36͒ is more applicable.
Unfortunately the thin sample limit is rarely encountered in the laboratory, and calculation of the volume averaged Rb polarization when all photon polarizations are present is somewhat more complex. As a starting point, we again use the fact that the total laser intensity, I, is divided into four separate intensities, I nm , on the basis of the four optical polarizations, i.e., two and one each ϩ and Ϫ . In order to determine the loss in total laser intensity, dI, across the sample we must first consider the attenuation of each component of I separately. This treatment leads to four coupled differential equations describing the beam attenuation, 
The top set of equations is due to absorption by the Rb atoms in N S Ϫ while the lower set is due to those in N S ϩ . The loss in total laser intensity across the sample can be written using the definitions of P Rb , P Rb max , r T , p, and q shown in Eqs. ͑35͒, ͑36͒, and ͑38͒,
͑41͒
The average Rb polarization across the sample, P Rb is defined in exactly the same way as before. Equation ͑41͒ is used to recast the average over length to an average over laser intensity, Notice again that when all of the photons are ϩ polarized and on resonance with the ϩ transition, P Rb max and Q→Ϫ1 while T →. In this case the usual average and laser intensity variation shown in Eqs. ͑22͒ and ͑24͒ are obtained. The remaining radial integral shown in Eq. ͑42͒ has no simple analytical solution. Approximating the integrand using ln(x) ϷxϪ1 gives
As before, no simple analytical solution for I(l,r) can be obtained from Eq. ͑41͒, so we again obtain an approximate form using a series expansion of the natural log term.
Rearrangement of this equation gives I(l,r)ϪI(0,r) as
I͑l,r͒ϪI͑0,r ͒Ӎ Ϫlប 0 N Rb q T 4p ͫ 1 I͑0,r ͒ ϩ QP Rb max T 3⑀ϩ͑1ϪQP Rb max ͒ T I͑0,r ͒ ͬ .
͑44͒
Taking the limits of Eqs. ͑43͒ and ͑44͒ when P Rb max and Q→ Ϫ1, T →, and q→2 p→⍀ shows that they properly reduce to the previous expressions obtained in Eqs. ͑24͒ and ͑25͒. Inserting Eq. ͑44͒ into Eq. ͑43͒ and using the definitions for I(0,r) and ⌬ from earlier gives
As in the previous section, Eq. ͑45͒ can ultimately be rearranged to give a relationship between the inverse polarization and inverse laser power, 
͑46͒
where m and b are defined by Eq. ͑30͒. The result shown above in Eq. ͑46͒ parallels that in Eq. ͑31͒. Again, a plot of the inverse signal as a function of the inverse laser power should be linear. In this case, one can see that the presence of other photon polarizations will scale the slope to intercept ratio by a depolarization factor / T . Comparison of the calculated m/b to the apparent experimental value then gives a measure of laser light depolarization for comparison to optical results.
To use the expressions generated above to model an optical pumping experiment, one must be able to experimentally estimate both the ⍀ nm and a nm factors. In our experimental setup laser linewidth is on the order of 2 GHz, which is much narrower than the pressure broadened atomic absorption line widths in atmosphere pressure cells ͑⌬ 1/2 /2ϳ80 GHz͒. In this case values for the four ⍀ nm 's can be directly calculated from Eq. ͑34͒. The fraction of total light intensity pumping an n→m transition, a nm , as well as the width of each line, ⌬ 1/2 , can be obtained from the high field optical spectra of the Rb D 1 absorption.
Examples of how P Rb max and / T from one experimental situation to another are easily examined. The situation where only ϩ polarized light on resonance with the ϩ transition has been mentioned repeatedly throughout this section. The line intensities listed in order of decreasing energy as shown in Fig. 2 for this situation are 1:0:0:0. This gives a Ϫϩ ϭ1 while setting the other three a nm 's to zero. Calculating P Rb max and / T from Eqs. ͑34͒ and ͑35͒ gives Ϫ1 and 1, respectively. This should be expected upon comparison with the equations developed in the previous section for only ϩ light. When partially depolarized light is present the situation is a bit different. Consider an optical spectrum having linewidths of ⌬ 1/2 /2ϭ80 GHz due to pressure broadening from ϳ1 atm of Xe gas and line intensities again listed in order of decreasing energy of 1:.59:.65:.71. This reduces the ϩ intensity factor to a Ϫϩ ϭ.34 while increasing the other three terms to a ϩϩ ϭ0.20, a ϪϪ ϭ0.22, and a ϩϪ ϭ0.24. Calculating the appropriate overlap factors, ⍀ nm , from Eq. ͑34͒ allows the calculation of P Rb max ϭϪ0.66 and / T ϭ2.05 at B 0 ϭ2.35 T from Eq. ͑35͒. One other experimental situation of interest demonstrates the advantage of the spectral dispersion afforded by the high magnetic field on the production of polarized Xe gas. Optical pumping with randomly polarized light having 1:1:1:1 spectral intensities forces all four a nm 's to be the same and equal to 1/4. In this case P Rb max decreases to Ϫ0.6 and / T increases to 2.36. Notice that if a high magnetic field were not insured no spin polarization could be produced as the four ⍀ nm 's would be equal to ⍀ and all of the D 1 lines in Rb would be pumped at their maximum respective rates.
E. Other leakage mechanisms
The treatment outlined to this point is appropriate for the situation when only Xe mixtures are used. This is the case when isotopically pure 129 Xe gas is available. In some instances, however, one may want to use natural abundance Xe gas having a 26.44% 
131
Xe is an Iϭ3/2 nucleus, and in the gas phase where the effects of its quadrupole moment are motionally averaged, has four equally spaced energy levels. The theory outlined above for Xe spin exchange optical pumping is easily applied to the Rb- 
͑47͒
As mentioned before, the ␣␥/T 1 Xe term represents a depolarization of the Rb via leakage through the relaxation of the 129 Xe. This in turn limits how high the polarizations can be for a given laser power. The ␣ Q ␥ Q /T 1 XQ term is also a leakage rate, and in certain cases, as will be discussed below, can be quite large. A similar term, ␣ N ␥ N /T 1 N , is operative for leakage relaxation via the 14 N nuclei in the N 2 buffer gas component commonly added to pumping cells of this type.
III. EXPERIMENT A. Cell preparation
Two types of sample containers were used in these experiments. One will be referred to as a ''torpedo cell'' which is just a cylindrical Pyrex tube having one flat closed end approximately 7 cm long and 9 mm in diameter. The other sample holder will be referred to as a ''high quality'' optical container and is a 5 cm long 1 in. diam tube with optical windows fused to either end. The open end of the torpedo cell is fused to a 5 cm long 3/8 in. diam tube. The high quality optical cell has a 5 cm long 3/8 in. diam tube connected directly to the side of the 1 in. glass cell. The 3/8 in. diam tubes in each instance are used both to admit Rb and Xe into the cells and to connect the cells to a vacuum manifold as discussed below. Each container is filled with UltraPure water and sonicated for 20 min in order to remove paramagnetic ions from the inner surfaces. Each cell is baked at 140°C for Ϸ12 h, coated with a 10% Surfasil Siliconizing Fluid/dry pentane mixture and attached to one end of a teflon stopcock with a 3/8 in. Cajon fitting. The other end of the stopcock is then mounted on a vacuum rack using a 14/20 ground glass joint. The stopcock is opened to the vacuum manifold and the cell is evacuated to 10 Ϫ4 Torr for Ϸ1 h in order to remove any excess pentane. Following this pumping period, the stopcock is closed and the evacuated cell/ stopcock combination is removed from the vacuum rack and placed in a glove box containing a N 2 atmosphere. The cell is released from the stopcock by loosening the Cajon fitting and a visible amount of natural isotopic abundance Rb metal is pipetted into it. The cell is reattached to the stopcock with the Cajon fitting, removed from the glove box and remounted on the vacuum rack via the 14/20 ground glass joint. The stopcock is opened once more and the cell is evacuated to 10 Ϫ4 Torr for Ϸ1 h. The cell is then charged to the appropriate amount with Spectra Gasses 99.999% Xe and stock grade N 2 buffer gas. Pressure measurements were made using an Omega 136PC15a2 9234 pressure transducer attached to an Omega DP 2000 Omegarometer. The torpedo cell is then sealed to a length of Ϸ5 cm measured from the flat closed end using a torch and removed from the vacuum manifold. The high quality optical container is sealed as close as possible to the 1 in. container body with a torch and removed from the vacuum manifold.
B. Optical apparatus and spectroscopy
Optical spectroscopy is accomplished in high magnetic fields ͑B 0 ϭ2.35 T and 7.04 T͒ as shown in Fig. 3 . Infrared laser light ͑ϭ794.74 nm͒ is produced by a Coherent Model 899 Ti-sapphire ring laser pumped by a Spectra Physics Model 164 Argon Ion Laser. A Quanta Ray MCI-1 controller drives a Superior Electric Slo-Syn synchronous stepper motor attached to the ring laser in order to wavelength scan in increments of 0.02 nm. A small portion of the output of the ring laser is directed into a Burleigh WA-20VIS wavemeter for wavelength measurement while the remainder is expanded to the desired Gaussian beam diameter with a Galilean Telescope. This light is elevated approximately 1 m to the top of either an Oxford Instruments 7.04 T 89 mm room temperature bore or 2.35 T 110 mm room temperature bore superconducting solenoid magnet. All reflections are made at 90°in order to maximize the linear polarization produced by the laser. The laser beam is then directed into a linear polarizer, a /4 plate when circularly polarized light is needed, and finally into a magnetic resonance probe containing one of the cells. The homebuilt magnetic resonance probe suspends the cell in a Helmholtz coil enclosing a volume of Ϸ2 cm 3 and tuned to the appropriate Larmor frequency for 129
Xe. The coil and sample are contained in a Teflon oven that permits laser illumination and heating via hot air ͑Ͻ150°C͒ produced by blowing cold air over an Omegalux tubular heater. In the case of the torpedo cell, light is admit- 
C. Magnetic resonance spectroscopy
All magnetic resonance spectra are obtained on homebuilt NMR spectrometers constructed around either a Nicolet Analytical Instruments Model 1280 data acquisition system for experiments at 2.35 T or a TecMag Libra data acquisition system for experiments at 7.04 T. 90°radio frequency pulses are calibrated using the Xe signal, M Xe ( P 0 ,t)ϭaP Xe , during optical pumping with laser power P 0 is a single exponential process,
When a short T 1 Xe * was present the measurement of M Xe ͑P 0 ,ϱ͒ was obtained from characterization of the full signal growth curves at various choices of P 0 . Under these conditions the gain in signal can be experimentally monitored by periodically sampling a portion of M Xe ( P 0 ,t) with a small tip angle rf pulse as shown in Fig. 4 . In the experimental setup, the magnetic resonance coil does not enclose the entire sample volume. As long as is longer than the atomic self-diffusion time, the detection of M Xe ( P 0 ,t) will be independent of the fraction of the total magnetization sampled. Since ӷT 2 Xe , steady state spin echo phenomena are not important. 14 The observed signal's temporal gain in intensity then becomes a direct measure of M Xe ( P 0 ,t) due to optical pumping. The experimentally detected 129 Xe signal as a function of the number of the pulse, n, is just a modified version of Eq. ͑48͒, M Xe ͑ P 0 ,n ͒ϭM Xe ͑ P 0 ,ϱ ͓͒1Ϫe Xe NMR signal were measured for the torpedo cell at both B 0 ϭ2.35 T and 7.04 T and at laser powers between 100 mW and 600 mW in 100 mW intervals. In each case the same torpedo cell having 484 Torr of Xe and 76 Torr of N 2 gases at a temperature of 110°C was used. The length and inner radius of the sample tube were lϭ5 cm and rϭ3 mm, respectively while the Gaussian beam radius was dϭ1 mm in each instance.
Measurement of the full growth curves for the 129 Xe NMR signal were not possible at all laser powers in the high quality optical cell as T 1 Xe * was very long. Instead the 129 Xe signal was measured after 2 min of optical pumping for laser powers between 100 mW and 600 mW in 50 mW intervals. These experiments were done at B 0 ϭ2.35 T and Tϭ89°C. The signal was actually measured five separate times and the average value was obtained at a given P 0 . This averaging process eliminates the noise present in the experiment such as variations in the cell temperature, laser power, and laser wavelength. These averaged signal intensities could be related to their steady state values by characterizing just one full growth curve to obtain T 1 Xe * . The high quality optical cell contained 1 atm of Xe gas and was housed in a magnetic resonance probe designed to allow the laser beam to pass freely through the length of the bore of the superconducting solenoid magnet. The length and inner radius of the container were lϭ5 cm and rϭ10.6 mm, respectively while the Gaussian laser beam diameter was dϭ2.7 mm. Figure 5͑a͒ shows the increase in 129 Xe signal as a function of laser power and n for the torpedo cell at B 0 ϭ7.04 T. In this experiment there is ϭ1 min between detected points. Similar curves not included here were also observed at B 0 ϭ2.35 T. The time constant of the pumping of The behavior of the inverse signal ͑triangles͒ as a function of the inverse laser power for the high quality optical container is shown in Fig. 6 . The time constant of the 129 Xe polarization was found to be T 1 Xe * ϭ 43 min at 89°C as found from analysis of the full growth curve during optical pumping ͑not shown here͒. The slope to intercept ratio in this case was smaller than that seen in the torpedo cell, m/b͑2.35 T͒ϭ0.3 W, as determined by linearly regressing the data in Fig. 6 .
IV. RESULTS
V. DISCUSSION
The results outlined above for the torpedo cell are consistent with Eq. ͑10͒. The rate of polarization depends only on the number density of Rb, N Rb , not on the laser intensity or power. Only the final magnetization, M Xe ͑P 0 ,ϱ͒, depends on the laser power as indicated by Eq. ͑28͒ and illustrated in Fig. 5͑a͒ .
The measured m/b values at the two field strengths for the torpedo cell compare rather poorly with the value calculated from Eq. ͑32͒, m/bϷ55 mW, for dϭ1 mm, ⌬ 1/2 /2ϭ80 GHz, B 12 ϭ6.45ϫ10 21 ͑rad m 3 /s͒/͑J s͒, and ⑀ϭ36 623 s Ϫ1 ͑the relaxation times used to calculate ⑀ will be discussed below͒. The difference in m/b between experiment and theory can largely be reconciled by realizing that the laser beam is not allowed to freely exit the sample. The beam actually scatters off the back of the torpedo sample which randomizes the photon polarization and puts measurement of the beam diameter, 2d, in question. Measurement of the Rb optical spectra in these torpedo cells in high B 0 will be discussed elsewhere. 15 That study showed that even when ϩ light was used the high field optical spectrum of the Rb D 1 absorption had four lines in a 1:0.59:0.65:0.71 intensity ratio listed in order of decreasing energy. It was shown above that this optical spectrum gives P Rb max ϭϪ0.66 and / T ϭ2.05 when pressure broadened atomic lines having ⌬ 1/2 /2Ϸ80 GHz are present. Calculation of mЈ/bЈ from Eq. ͑46͒ under these less than optimal optical conditions using the same parameters as above gives mЈ/bЈϭ3.3 W when dϭ7.5 mm. This unexpectedly large effective beam radius can be justified by an experimental observation of the light emitted from the torpedo cell outside the superconducting magnet with an IR viewer. At low laser powers, the laser beam is not intense enough to penetrate completely through the sample and just low intensity fluorescent light is observed from cell. Increasing the laser power further, into the regime where these experiments were accomplished, causes the beam to fall on the rear of the cell and scatter in all directions. A corresponding jump in light intensity in all directions from the rear of the cell is then detected by the IR viewer. This reflected beam is essentially randomly polarized and has a much larger divergence and radius than the input beam. In order to take this observation into account, model- ing the experimental data from the torpedo cells requires a smaller P Rb max and larger choices of / T and d. These experiments in combination with the theory quantify just how badly the laser beam depolarization introduced by these unwanted reflections within the torpedo cell attenuates the maximum P Xe achieveable at a given laser power. In all likelihood this is the explanation for the experimental practice of limiting the laser beam penetration in studies using torpedo cells of this type when high polarizations are desired.
A much larger T 1 Xe * was measured in the high quality optical container in comparison to the value found in the torpedo cell. This larger number is realistic as the temperature is 20°C less which gives a smaller N Rb and the volume is larger which minimizes collisions of the Xe with the container walls. The measured m/bϭ0.3 W in the high quality optical cell agrees much better with theory than that observed in the torpedo cell. A value of mЈ/bЈϭ0.3 W can be obtained from Eq. ͑46͒ when a Gaussian beam radius of dϭ2.4 mm is used. This beam waist agrees with the value actually measured in the laboratory, dϭ2.7 mm, when the error present in both the laser power and beam chopping measurements are taken into account. No photon depolarization corrections were applied in this case since the high field optical spectra in this container indicate that there are just photons of the proper polarization present. 15 The incident laser power used in Fig. 6 is also scaled by 16% of its measured value. This is to account for the attenuation of the laser beam when passed through the sample off resonance of any optical transition ͑ϳ32%͒. This loss in laser power arises from a reflection of the beam at the Pyrex windows on the sample container and the entrance to the NMR probe and sample oven ͑4 windowsϭ8 interfaces͒. This reflection is due to the different indices of refraction of Pyrex and air. As a rule of thumb, uncoated Pyrex/air interfaces typically reduce laser powers by ϳ4%.
The comparison of experimental measurements of mЈ/bЈ to the values shown in Eqs. ͑32͒ and ͑46͒ provide an indirect measure of the Rb ground state electron T 1 Rb as mЈ/bЈ is extremely sensitive to ⑀. The theoretical value of ⑀ can be calculated at for example Tϭ90°C from Eq. ͑17͒ for a Xe gas pressure ϳ1 atm using the published values of . This is in much better agreement with the value used to model the data shown in Figs. 5 and 6 . Clearly, the measurement of 131 Xe, Rb, and 14 N T 1 's in our pumping cells at various temperatures and high field is necessary to more fully validate and to provide a complete accounting of the theory developed above. In any event however, these additional leakage factors can be seen to be quite small, and the portion of the current data presented herein is sufficient to ascertain that the theory presented represents the basic physics of the spin exchange pumping process.
VI. CONCLUSIONS
This study has shown that the optical pumping of nuclear spins in high fields can be quantitatively modeled using ideas from simple spin lattice relaxation theory. The results obtained indicate that more efficient optical pumping can be obtained by elimination of depolarized photons in the sample. There are in general three ways of accomplishing this. One introduced here uses the spectral dispersion of the Zeeman shifts in high magnetic fields to shift the pressure broadened atomic absorptions off resonance of any depolarized photons. An auxiliary to this approach is to decrease the Xe gas pressure used at any given field strength. As the number density of Xe is decreased the pressure broadening of the Rb atomic lines is reduced, and any depolarized pho-tons will appear off resonance. These two approaches will work for any type of sample container. The third way of eliminating these effects is by optimizing the optical characteristics of the sample container to eliminate beam reflections and depolarization of the laser light. The latter is also important for low field pumping experiments. Adoption of these experimental practices can potentially enhance the laser power efficiency of commonly used optical pumping setups for producing spin polarized 129 Xe by over an order of magnitude. Such considerations have significant implications for the engineering of practical sources of polarized nobel gases in magnetic resonance imaging applications. 24 In addition, high field operation provides better suppression of leakage relaxation of the 129 Xe. For these measurements, the leakage factor ␥ was found to be quite close to 1.
Comparison to low field experiments shows that ␥ is often only the order of 0.5, thereby limiting the maximum achievable polarization. One must also pay careful attention to the composition of the pumping cell when very high polarizations are wanted. Leakage of the Rb polarization through cross relaxation to either Xe polarization. The most significant leakage mechanism identified in this work is due to the short effective T 1 Rb observed in high fields. Much longer T 1 Rb values have been observed at low Rb number densities in coated cells and with low buffer gas pressures at low fields. It is unknown at present whether much longer T 1 Rb values can be obtained at high fields with other combinations of sample composition or cell preparation. If this is possible, the greater efficiency afforded by optical pumping in high fields would make the production of large amounts of spin polarized 129 Xe feasible with the much smaller power levels produced by inexpensive laser diodes.
Minimizing the effects of photodepolarization produced in cases where the optical quality of the pumping containers is not insured, as well as supressing leakage relaxation by using enriched 129 Xe gas, are two ways of making the optical pumping of 129 Xe gas more efficient. To further maximize the polarization of 129 Xe gas one can take advantage of the geometry dependence of the volume averaged signal shown in Eq. ͑30͒. In the limit that the laser beam is much narrower than the sample, rӷd, the maximum polarization is reduced to 2d 2 /͓r 2 ln͑2͔͒. On the other hand when the laser intensity profile is flat over the sample, rӶd, the maximum polarization is 1. This reduction due just to geometry considerations can be quite substantial. Consider the high quality optical cell discussed above where a laser beam waist of dϭ2.4 mm and a sample radius of rϭ10.6 mm was used. The maximum volume averaged polarization in this case is reduced from P Rb max ϭ1 which was expected from the high field optical spectra in this container to P Rb ϳ0.1. Just by using a wider laser beam a 90% increase in pumping efficiency can be realized in this container since P Rb ϳ1 as rӶd.
Using the theory outlined above in combination with some simple calculations the efficiency of a given pumping setup is easily determined. This permits one to optimize cell design and composition which is necessary when large reservoirs of nuclear spin polarized nobel gases are desired.
